Magmatism in eastern China in response to paleo-Pacific plate subduction during the Mesozoic was complex, and it is unclear how and when exactly the magmas formed via thinning and partial destruction of the continental lithosphere. To better understand this magmatism, we report the results of a geochronological and geochemical study of Early Cretaceous adakitic rhyolite (erupted at 125.4 ± 2.2 Ma) in the Xintaimen area within the eastern North China Craton (NCC). In situ zircon U-Pb dating shows that this adakitic rhyolite records a long (~70 Myrs) and complicated period of magmatism with concordant 206 Pb/ 238 U ages from 193 Ma to 117 Ma. The enriched bulk rock Sr-Nd isotopic compositions of the Xintaimen adakitic rhyolite, as well as the enriched zircon Hf and O isotopic compositions, indicate that the magmas parental to the adakitic rhyolite were derived from partial melting of the Paleoproterozoic mafic lower crust, heated by mafic melts derived from the mantle during the paleo-Pacific plate subduction. A minor older basement component is indicated by the presence of captured Neoarchean to Early Paleoproterozoic zircons. The Mesozoic zircons have restricted Hf and O isotopic compositions irrespective of their ages, suggesting that they formed from similar sources at similar melting conditions. The Xintaimen adakitic rhyolite offers an independent line of evidence that the ancient lower crust of eastern China underwent a long period (~70 Myrs) of destruction, melting or remelting, from~193 to~120 Ma, related to the subduction of the paleo-Pacific plate beneath eastern China.
Introduction
The North China Craton (NCC) experienced significant lithospheric destruction and thinning since the Mesozoic, and has consequently been a research focus over the past decades (e.g., Gao et al., 2004; Niu, 2005 Niu, , 2014 Xu, 2001; Yang et al., 2010) . The sharp compositional contrast between mantle xenoliths recovered from Paleozoic kimberlites and Cenozoic basalts suggests that a thick (N180 km), cold and refractory lithospheric keel in the Paleozoic was replaced by a thin (b 100 km), hot and fertile lithosphere (e.g., Menzies et al., 2007; Zheng et al., 2006) . It is generally acknowledged that the destruction or thinning of the NCC lithosphere began in the Triassic (~230-220 Ma) and took place diachronously for N 100 Myrs (Wang et al., 2015; Wu et al., 2005b; Xu et al., 2006 Xu et al., , 2009 Yang et al., , 2010 S.-H. Zhang et al., 2014) .
This destruction was the result of the interactions between the NCC and adjacent blocks, including the paleo-Asian plate, the Yangtze Craton, the Siberian plate and the paleo-Pacific plate (e.g., Gao et al., 2004; Liu et al., 2008; Menzies et al., 2007; Niu, 2005 Niu, , 2014 Zhang, 2012) . Various mechanisms of cratonic destruction have been proposed in the literature (e.g., Gao et al., 2004; Menzies et al., 2007; Niu, 2005 Niu, , 2014 Wang et al., 2015; Wu et al., 2005a Wu et al., , 2005b .
Mesozoic igneous rocks are widespread in eastern China with an overall NE-SW trend in outcrop, from South China, through the NCC, to NE China. Most of them were emplaced and/or erupted from the Jurassic to the Early Cretaceous, with a small volume being of Triassic age. These Mesozoic igneous rocks can provide us the information on how and when exactly the lithosphere beneath eastern China was thinned Wang et al., 2013; Wu et al., 2005a Wu et al., , 2011 S.-H. Zhang et al., 2014; Zhou et al., 2006) .
It is generally accepted that paleo-Pacific plate subduction played an important role in the Mesozoic magmatism in eastern China (Ma et al., 2016; Niu, 2005; Niu et al., 2015; Wang et al., 2013; Wu et al., 2005a Wu et al., , 2005b Wu et al., , 2011 S.-H. Zhang et al., 2014; Zhou et al., 2006) . However, the timing of onset of paleo-Pacific plate subduction beneath eastern
Geological background and petrology
The NCC is the largest and oldest craton in China and it preserves remnants of ancient (≥ 3.8 Ga) crustal records (Liu et al., 1992; Song et al., 1996) . The NCC was formed by collision of micro-continents at the end of the Archean (e.g. Wang et al., 2016) , and finally by amalgamation of the Eastern and Western blocks along the Trans-North China Orogen in the Late Paleoproterozoic (Zhao et al., 2005) . From the Late Paleoproterozoic to the end of the Paleozoic, most parts of the NCC remained geologically inactive except for some episodic and sporadically distributed mantle plume-related magmatism during the Proterozoic (e.g., Peng et al., 2012; Zhang et al., 2017) . However, since the Mesozoic, volumetrically significant magmatism occurred throughout eastern China (e.g., Niu et al., 2015; Wu et al., 2005a Wu et al., , 2005b Yang and Wu, 2009; S.-H. Zhang et al., 2014) . Detailed geochronological studies show that most of these Mesozoic magmas formed during the Late Jurassic and the Early Cretaceous , with minor magmatism being Triassic (231-210 Ma) (Wang et al., 2015; Wu et al., 2005a Wu et al., , 2005b Yang and Wu, 2009) .
The study area lies west of the Tan-Lu fault, near Xingcheng, in western Liaoning, in the eastern segment of the northern margin of the NCC (Fig. 1a) . Archean basement rocks in this area mainly occur along the west coast of the Bohai Sea and consist of Neoarchean tonalite-trondhjemite-granodiorite (TTG) and potassic granitoids with coeval mafic magmatic enclaves ( Fig. 1a ; Wang et al., 2016) . Mesozoic volcano-sedimentary sequences belong to four major pulses of volcanism, represented by the Xinglonggou Formation (177 Ma; basalt), the Lanqi Formation (166-153 Ma; basalt, basaltic andesite, andesite and rhyolite), the Yixian Formation (126-120 Ma; basalt, basaltic andesite, andesite and rhyolite) and the Zhanglaogongtun Formation (~106 Ma; andesite and dacite) ( Fig. 1 ; Gao et al., 2004 Gao et al., , 2008 Yang and Li, 2008) . Mesozoic intermediate-felsic plutons also occur in this region ( Fig. 1 ; Wu et al., 2006; Zhang et al., 2010; X. Zhang et al., 2014) .
The studied samples were collected from a volcanic plug showing columnar jointing ( Fig. 2a and b) surrounded by explosive breccia within the Cretaceous Yixian Formation (Yang and Li, 2008) near Xintaimen town (Fig. 1) . They display porphyritic textures with plagioclase, amphibole and minor clinopyroxene as phenocrysts in the groundmass (Fig. 2c) . Plagioclase phenocrysts are mostly subhedral to euhedral without later alteration. Amphibole phenocrysts are euhedral with dark rims. Clinopyroxene phenocrysts are rare, but present in some samples and are subhedral to euhedral. Their groundmass consists of fine-grained quartz, plagioclase, K-feldspar and opaque oxides.
Analytical methods
Geochemical data presented in this study include bulk rock major and trace element compositions, Sr-Nd isotopes and in situ zircon U-Pb, Hf and O isotopes; all the data are given in Tables 1-5. Zircon grains were extracted from crushed samples by standard heavy-liquid and magnetic techniques, and purified by hand-picking under a binocular microscope. Cathodoluminescence (CL) images were acquired using a cathodoluminescent spectrometer (Garton Mono CL3+) equipped on a Quanta 200F ESEM at Peking University. Measurements of U, Th and Pb in zircons were carried out on an Agilent-7500a quadrupole inductively coupled plasma mass spectrometer coupled with a New Wave UP-193 solid-state laser-ablation system (LA-ICP-MS) in the Geological Lab Center, China University of Geosciences, Beijing (CUGB). A detailed account of operating conditions, standards, and data reduction and plot processes are given in Song et al. (2010a) . Sixty-nine zircon grains were also analyzed by SHRIMP (Sensitive High Resolution Ion Micro-Probe) II as a double-check in the Research School of Earth Sciences, The Australian National University, Canberra, Australia (see details in the Appendix).
Bulk rock major and trace element analysis was done at CUGB. Major elements were analyzed on a Leeman Prodigy inductively coupled plasma-optical emission spectroscopy (ICP-OES) system with high dispersion Echelle optics. Trace elements were analyzed using an Agilent7500a quadrupole inductively coupled plasma mass spectrometry (ICP-MS). Detailed operating conditions, sample digestion procedures, standard materials and analytical precision and accuracy are described in Song et al. (2010b) and Wang et al. (2016) .
Separation and purification of Sr and Nd were carried out using conventional ion exchange procedures in the ultraclean laboratory of MOE Key Laboratory of Orogenic Belts and Crustal Evolution, Peking University. Sr and Nd isotopic ratios were measured using a ThermoFinnigan Triton thermal ionization mass spectrometer at the Isotope Laboratory of Tianjin Institute of Geology and Mineral Resources. Sample digestion, standards and mass fraction correction procedures are described in Wang et al. (2016) .
In situ zircon Lu-Hf isotope analysis of the dated sample 12XTM01 was carried out using a Neptune multi-collector ICP-MS attached with a New Wave UP-213 laser-ablation system (LA-MC-ICP-MS) at MLR Key Laboratory of Metallogeny and Mineral Assessment, Institute of Mineral Resources, Chinese Academy of Geological Sciences, Beijing. Detailed operating conditions, standards and correction procedures for isobaric interferences are described in Wang et al. (2016) .
In situ zircon oxygen isotopes for the dated sample 12XTM01 were analyzed using SHRIMP II in the Research School of Earth Sciences, The Australian National University, Canberra, Australia. The instrumental conditions and measurement procedures were similar to those reported by Ireland and Williams (2003) and Ickert et al. (2008) . The instrumental mass fractionation factor was corrected using the FC-1 zircon standard with δ
18
O VSMOW = 5.61 ± 0.14‰ (2σ SD, n = 6; John W. Valley, unpublished data; c.f. Fu et al., 2015 
Results

In situ zircon U-Pb zircon ages
Zircon grains from Xintaimen rhyolite sample 12XTM01 are all euhedral-prismatic and in CL images show typical oscillatory growth zoning of magmatic origin without any relict cores (Fig. 3a) . They have a wide range in Th/U ratios of 0.29-3.08 (Table 1) . One hundred and sixty zircons were analyzed giving a wide range of ages (Table 1) . In the conventional U-Pb concordia diagram (Fig. 3b) , most of the zircons plot on the concordia. As shown in the zircon age histogram (Fig. 3c) by SHRIMP yield similar age patterns as those done by LA-ICP-MS (see details in the Appendix).
Bulk rock geochemistry
The Xintaimen rhyolite samples have relatively high SiO 2 and K 2 O/ Na 2 O (0.59-0.97) and mostly plot in the rhyolite field on the TAS diagram, except for sample 11XC11 which has the lowest SiO 2 content and lies in the trachydacite field (Table 2 ; Fig. 4 ). These samples are all metaluminous (Table 2 ) and show enrichment of LREEs over HREEs without obvious Eu anomalies (Fig. 5a ). In the primitive mantlenormalized trace element diagram (Fig. 5b) , they are relatively enriched in large ion lithophile elements (LILEs), with limited variation, and depleted in some high field strength elements (HFSEs; but without Zr or Hf depletion). They are characterized by positive Sr anomalies with high Sr/Y ratios of 90-129 ( 
Discussion
Melting of the Paleoproterozoic mafic lower crust heated by mantlederived melts
The Xintaimen rhyolite has high Sr/Y and (La/Yb) N ratios (Figs. 5  and 9 ), but is also characterized by relatively high K 2 O/Na 2 O ratios (all N0.5) (Fig. 4b) , distinct from typical young slab-derived sodic modern adakites (Defant and Drummond, 1990; Martin et al., 2005) but similar to lower crust-derived potassic 'adakitic rocks' (Atherton and Petford, 1993; Xiao and Clemens, 2007) .
The Xintaimen adakitic rhyolite is similar to typical TTGs and adakites and experimental metabasalt melts in terms of major and trace elements (Figs. 4, 5 and 9 ). The high SiO 2 and low MgO of the Xintaimen rhyolite are also similar to high-silica adakites as proposed by Martin et al. (2005) (Fig. 9c) , which experienced limited or no interaction with a mantle wedge. Their enriched Sr-Nd isotopic compositions (Fig. 6 ) and relatively low abundances of compatible elements (e.g., Cr and Ni; Fig. 9d ) contrast these rocks with the Jurassic Xinglonggou lavas from eastern China (Gao et al., 2004) , which are interpreted as the result of foundering of mafic lower crust into, and interacting with, underlying convective mantle. Thus, the primary magmas parental to the Xintaimen rhyolite show little evidence for significant interaction with mantle peridotite. Furthermore, the bulk rock Nd T DM2 ages (2266 ( -2087 , and Hf T DM2 ages (2225-1315 Ma) and δ
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O values of 5.56-5.75‰ (close to mantle-zircon values 5.3 ± 0.3‰; Table 5 ; Fig. 8b ; Valley, 2003) of the Early Cretaceous magmatic zircons, together are best interpreted as reflecting generation by melting of ancient mafic lower crust.
Recently, many Mesozoic lower crust-derived rocks have been reported from the NCC (e.g., Gao et al., 2004; Jiang et al., 2007; Ma et al., 2012; Wang et al., 2015) , with heterogeneous lower crustal sources inferred from their highly variable Sr-Nd isotopic compositions (Fig. 6) . The bulk rock Nd isotope composition of the Xintaimen rhyolite seems to be distinct from Archean lower crust, sampled from exposed Archean terrain granulites and amphibolites (Fig. 6b) . It is, however, comparable to that of the Late Triassic Taili adakitic plutons from the same area ( Fig. 7a ; Wang et al., 2015) , whose source is believed to be mantle plume-related mafic rocks generated during Paleoproterozoic intracontinental extension and rifting of the NCC (Peng et al., 2012) . We suggest that the bulk rock Nd T DM2 ages of the Xintaimen rhyolite (2266 ( -2087 , as well as data from the two Early Cretaceous zircons with Paleoproterozoic Hf T DM2 ages (Table 4 ; #2.1, T DM2 = 2225 Ma; #2.32, T DM2 = 2010 Ma) extracted from the rhyolite, imply that the lower crustal source of the rhyolite could have been mafic rocks that underplated the base of the NCC Archean crust during the Paleoproterozoic (2.3-2.0 Ga).
Melting of lower crust is commonly triggered by excess heat supplied by contemporaneous emplacement of mantle-derived mafic melts (e.g., Atherton and Petford, 1993; Huppert and Sparks, 1988; Ma et al., 2016; Niu, 2005) . In the Early Cretaceous, the NCC was characterized by an extremely high geothermal gradient (N 90 mW/m 2 vs. ~40 mW/m 2 in the Paleozoic; Ma et al., 2016; Zheng et al., 2006) , associated with the generation of large volumes of igneous rocks derived through melting of ancient lower crust S.-H. Zhang et al., 2014) . The presence of a mantle-derived mafic underplating at this time is also inferred from the existence of widespread and broadly contemporaneous alkaline rocks and basalts in the NCC (Gao et al., 2008; Zhang et al., 2010; S.-H. Zhang et al., 2014) . Mafic magmatic enclaves are very common in the Early Cretaceous granites of the NCC (e.g., Chen et al., 2009 ). These granites are characterized by bulk rock ε Nd (t) and zircon ε Hf (t) values (S.-H. Zhang et al., 2014 ) that, although highly variable, typically lie within a range consistent with a significant mantle contribution to the magmatism in terms of both material and (hence) heat (e.g., Chen et al., 2004; Ma et al., 2016) . Therefore, we propose that during the Early Cretaceous, extensive heat, related to mantle-derived mafic melts that accumulated beneath the NCC crust, caused the Paleoproterozoic mafic lower crust to undergo extensive melting, generating magmas parental to the Xintaimen rhyolite. The mantle-derived mafic melts could have modified magma compositions to some degrees, reflected by the relatively large variations of Hf isotopic compositions of the Early Cretaceous and Jurassic zircons (Table 4 ; Fig. 7 ). As discussed above, the Xintaimen rhyolite possibly share the same Paleoproterozoic mafic lower crustal source as the nearby Late Triassic Taili adakitic plutons. According to Wang et al. (2015) , the Taili adakitic rocks formed during melting at 10-12 kbar and 780-820°C. The Xintaimen rhyolite has slightly less fractionated REE patterns (lower (La/Yb) N ratios) and slightly lower Sr/Y ratios (Figs. 5, 9a and b) than the Taili adakitic plutons, suggesting lower pressure melting (i.e. indicative of lower garnet abundances and higher plagioclase/garnet ratios in the melt residuals; Moyen, 2009 ), but, nevertheless, probably still within the range of 10-12 kbar.
Magmatic process inferred by zircon geochronology
Because of the presence of famous Jehol biota in the Yixian Formation, the age of this formation has been well constrained by both U-Pb and 40 Ar methods to the period 126-120 Ma (e.g., Swisher et al., 2002; Yang et al., 2007) . Our in situ zircon U-Pb dating of the Xintaimen rhyolite shows that they contain three groups of zircons with contrasting ages (Table 1 and Fig. 3 ) and the youngest group yields a weighted mean 206 Pb/ 238 U age of 125.4 ± 2.2 Ma (2σ, MSWD = 1.8), which should represent the eruption time of the Xintaimen rhyolite. The Neoarchean to Early Paleoproterozoic zircons within the Xintaimen rhyolite are xenocrysts captured by the magmas en route to the surface, rather than inherited zircons from the mafic lower crustal source of the adakitic rhyolite. Evidence for this is that: (1) in CL images, they show perfect oscillatory growth zoning of felsic magma affinity, and have no overgrowth rims or melt-corroded textures (Fig. 3a) ; and (2) their Hf isotopic compositions are distinct from those of the Early Cretaceous zircons, but similar to those of the Neoarchean basement rocks ( Fig. 7a ; Wang et al., 2016) .
The Xintaimen rhyolite also contains abundant Jurassic zircons with successive and concordant U-Pb ages . They have no overgrowth rims and show internal textures similar to those of the Early Cretaceous zircons on CL images (Fig. 3a) . They also share similar Hf isotopic compositions with the Early Cretaceous zircons (Fig. 7b ). It appears as if these Jurassic zircons crystallized from the same parental magmas as those of the Early Cretaceous zircons. However, it is hard to imagine that a magma chamber can last from 193 Ma to 117 Ma,~70 Myrs with a gap of~15 Myrs (between 146 Ma and 131 Ma). Jurassic igneous rocks are widespread in the study area (Fig. 1) , with various lithologies including basalticandesitic-rhyolitic volcanic rocks, mafic dykes and granitic plutons (Wu et al., 2006 ; X. Zhang et al., 2014) . Thus, these Jurassic zircons should be also xenocrysts captured by the rhyolitic magmas en route to the surface.
The relatively enriched Hf isotopic compositions of all the Jurassic zircons in the Xintaimen rhyolite clearly point to a genetic connection with ancient crustal materials, in common with the zircons from the Jurassic ancient lower crust-derived igneous rocks in the study area (Table 4 ; Fig. 7 ; X. Zhang et al., 2014) . These zircons also have δ
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O values of 5.65-6.67‰ (Table 5 ; Fig. 8 ), indicating derivation of their parental magmas from sources with little, if any, contribution from supracrustal components (Eiler, 2001) . Recent Sr-Nd-Hf isotope studies of the Jurassic igneous rocks in western Liaoning imply the involvement of ancient lower crust via complex crust-mantle interaction (e.g., foundering of mafic lower continental crust into underlying convecting mantle, or underplating of mafic magmas, with subsequent interaction with lower crust; Gao et al., 2004; Yang and Li, 2008; X. Zhang et al., 2014) . A comprehensive summary of geochemical data on Jurassic igneous rocks from the NCC shows that most of them were sourced from ancient lower crust (S.-H. Zhang et al., 2014) . Nevertheless, combined with previous studies of the Jurassic magmatism in western Liaoning and the NCC, it can be deduced that the ancient lower crust participated in the formation of the parental magmas from which these Jurassic xenocrystic zircons were crystallized.
It is noteworthy, however, that the Early Cretaceous zircons only constitute a minor portion (14 grains) among the whole population (167 grains) of the dated zircons from the Xintaimen rhyolite, compared with the Neoarchean to Early Paleoproterozoic-and Jurassicaged xenocrystic zircons (Fig. 3) . One plausible explanation for this observation is that the Early Cretaceous magma chamber developed within crust dominated by Jurassic plutonic rocks and Neoarchean basement rocks. Compared to deep-seated felsic intrusions, the erupted rhyolitic magmas ascended and cooled too rapidly to allow sufficient growth of new zircons. The Early Cretaceous rhyolitic magmas would have formed only a few 'phenocrystic' zircons, but captured and inherited many xenocrystic zircons.
Long-lived melting of the ancient lower crust beneath the NCC in response to paleo-Pacific plate subduction
The Hf-O isotopic compositions of the Early Cretaceous magmatic zircons and the bulk rock Nd isotopic compositions of the Xintaimen rhyolite indicate derivation from partial melting of the Paleoproterozoic mafic lower crust. The Hf-O isotopic compositions of the Jurassic xenocrystic zircons, also suggest that their parental melts were derived from ancient lower crust. Therefore, the Xintaimen adakitic rhyolite records, in its primary and xenocrystic zircon cargo, a long-lived (~70 Myrs) melting process of the ancient lower crust beneath the NCC. It is generally accepted that the Mesozoic geology of the eastern continental China continent was largely controlled by paleo-Pacific plate subduction (Niu, 2005; Niu et al., 2015; Wang et al., 2013; Wu et al., 2005a Wu et al., , 2011 S.-H. Zhang et al., 2014; Zhou et al., 2006; ) . However, the onset of paleo-Pacific plate subduction beneath eastern China remains controversial. Based on detrital zircon provenance data analyses, Li et al. (2006) , X.-H. Li et al. (2012) and Z.-X. Li et al. (2012) proposed that an Early Permian active continental margin was developed in South China and thus paleo-Pacific plate subduction beneath South China began as early as in the Early Permian. It is also argued that paleo-Pacific plate subduction towards beneath NE China began in the Early Permian, based on the identification of island-arc gabbros of this age .
Alternatively, Kusky et al. (2014) suggested that the NCC shows no apparent effect from the paleo-Pacific plate subduction until the Early Jurassic. Before the Jurassic, the NCC had been isolated from South China and NE China and, as a result, should have experienced a different history of interactions between adjacent blocks. The pre-Jurassic tectonic evolution of the NCC was mainly controlled by collision between South and North China cratons in the south and the closure of Paleo-Asian Ocean in the north (e.g., Wang et al., 2015; S.-H. Zhang et al., 2014) . After the closure of the Paleo-Asian and Paleo-Tethys oceans in the Late Paleozoic and Triassic, respectively, the NCC, South China and NE China amalgamated into a larger continent. In this model, the paleo-Pacific plate subduction began to affect the combined eastern continental China only since the Early Jurassic (~190 Ma). This scenario explains the large volumes of Jurassic and Cretaceous igneous rocks in eastern China with a unified NE-SW trend (e.g., Niu et al., 2015) . Thus, the onset of paleo-Pacific plate subduction beneath the combined eastern continental China is most likely to be in the Early Jurassic (~190 Ma). Pb ages for Neoarchean to Early Paleoproterozoic zircons). Sun and McDonough (1989) . Data sources: typical adakites, Defant et al. (1991) and Samaniego et al. (2005) ; Late Triassic Taili adakitic plutons, Wang et al. (2015) . Wang et al. (2015) , and references therein; Archean terrain granulites and amphibolites, Jiang et al. (2007) , Wu et al. (2005c) , and references therein. In summary, the Xintaimen adakitic rhyolite erupted in the Early Cretaceous, and formed though melting of Paleoproterozoic mafic lower crust. Isotopic similarities in primary and inherited zircons demonstrate that this melting process must have started at the onset of the paleo-Pacific plate subduction (~193 Ma), and continued for~70 Myrs, until the late stage (~120 Ma) of paleo-Pacific plate subduction beneath the eastern continental China. Therefore, the Xintaimen adakitic rhyolite independently records a long-lived destruction/melting process of the ancient lower crust of eastern China genetically related to the Paleo-Pacific plate subduction.
Conclusions
(1) The Xintaimen adakitic rhyolite erupted during the Early Cretaceous (~125 Ma) with captured xenocrystic zircons of Neoarchean to Early Paleoproterozoic and Jurassic ages. (2) The magmas parental to the Xintaimen adakitic rhyolite were derived from partial melting of the Paleoproterozoic mafic lower crust, heated by mantle-derived mafic melts genetically associated with the paleo-Pacific plate subduction. (3) The Xintaimen adakitic rhyolite independently records a longlived (~70 Myrs) melting process of ancient mafic lower crust, which is consistent with the time period of the paleo-Pacific plate subduction from the onset (~193 Ma) to the late stage (~120 Ma), and the destruction/melting process of the eastern continental China.
